Polycrystalline MgO has • compressive yield strength of 1-1.5 GPa at the elastic limit which increases to 2.7(8) GP• along the Hugoniot and is similar at unloading. Wave profiles for MgO at 10-39 GPa are described using a modified elastic-plastic model. There are significant differences in the dynamic response of single-crystal and polycrystalline MgO.
Introduction
The most direct approach for understanding the composition and structure of the Earth's deep interior is through measurement of elastic wave velocities in minerals and metals at high pressures and temperatures. Laterally averaged seismic wave velocities are known to better than 1% throughout the Earth [Lay et al., 1990 ].
Small lateral deviations of wave velocities have also now been extensively documented [Romanowicz, 1991] . Under static pressure, there are few measurements of elastic wave velocities above i GPa in minerals of planetary interest.
Sound velocities in shock-compressed materials were first measured by Al'tshuler et al. [1960] . Subsequent work of particular geophysical significance included the study of Fe by Brown and McQueen [1986] . Sound velocities measured under shock compression have been used to place experimental constraints on the temperature coefficient of compressional velocity at ~100 GPa Ahrens, 1992, 1994a] . This is an important quantity for interpretation of seismic tomography. In this study, the effect of pressure on compressional which revealed a small amount of CaO (~0.3%) and no other impurities at detectable levels. Bulk densities were measured by weighing the ~10 g samples with a microbalance sensitive to 4-10 -4 g. The average crystal density was found by Archimedean immersion to be 3.571(4) g/cm a, and the average bulk density was 3.562(6) g/cm a, which are within 0.4% and 0.6%, respectively, of the X ray density of 3.584 g/cm a. The 
Equation of State Experiments
Equation of state experiments were conducted using both a propellant and a light gas gun. The 40-mm bore propellant gun could launch ~100-g projectiles to velocities up to 2.5 km/s, while the two-stage light gas gun can accelerate ~20-g projectiles to 6.5 km/s. Projectile velocity was measured by recording X ray shadowgraphs immediately prior to impact. The MgO targets were mounted on tantalum or aluminum 2024 driver plates and placed in an evacuated (~100-mm Hg) sample chamber. Two pairs of fiat mirrors were mounted on the rear surface of the target and driver. An inclined wedge was mounted in the center of the target. Light from a 10-kV Xenon flash lamp was directed onto the rear of the target, and reflected light was returned to a continuous writing streak camera. Shock wave velocities were measured by recording the reduction in reflected light intensity due to the destruction of the mirrors by the shock front and by the change in extinction angle of the inclined wedge. Further details are given by Ahrens [1987] .
Wave Profile Experiments
A series of wave profile measurements was undertaken using shock wave velocimetry. These measurements yield a continuous record of particle velocity at a sample interface during both the loading and unloading cycles of the experiment. The method for recording particle velocity histories was the velocity interferometer system for any reflector (VISAR) [Barker and Hollenbach, 1972] . In this technique, 200-300 mW of light from an Ar + ion laser is focused onto a diffusely reflecting surface. Target motion induces a Doppler shift in the reflected laser light which generates interference fringes in a wide-angle Michelson interferometer. The fringes are recorded using photomultiplier tubes and digital oscilloscopes. The relationship between surface velocity and number of fringes is [Barker and Hollenbach, 1972] u(t-r12) = kF(t), We also incorporated the push-pull modification and data reduction algorithm of Hemsing [1979] and the polarization-randomization scheme of Asay and Barker [1974] . Two types of impact geometries, forward and reverse, were used. The reverse-impact experimental setup is illustrated in Figure la . In this arrangement, the sample is inserted in the projectile and used to impact a thin aluminum buffer with an LiF window epoxied to it. The VISAR monitors the interface between the window and buffer. An array of electrical shorting pins is used as part of a capacitor-discharge circuit to trigger recording instrumentation and to measure impact planarity. The sample is backed by low-density foam which serves to introduce an unloading wave into the specimen.
A Lagrangian wave propagation diagram for the reverse-impact experiments is shown in Figure lb . At impact (t=0), an elastic precursor and a shock wave propagate through the sample, and a shock travels through the buffer. It is assumed here that the impact stress is sufficient to overdrive the precursor in aluminum but not sufficient to overdrive the precursor in MgO. At time tl, the shock reaches the buffer-window interface and is recorded by the VISAR. The slight impedance contrast between LiF and aluminum causes a weak rarefaction to propagate through the aluminum which returns to the reflecting surface at t2. The elastic precursor traveling through the sample reaches the sample-foam interface, reflects from it as a rarefaction wave, and interacts with the oncoming shock. The shock wave also reflects from the foam interface and produces a rarefaction which fur- 
Results
For the EOS experiments, the shock and flyer velocities were combined with impedance matching [Ahrens, 1987] and the Rankine-Hugoniot equations to constrain the particle velocity, stress, and density of the shockcompressed state (Table 3 The buffer-window particle velocity histories measured in the reverse impacts are shown in Figure 5a . The sharp jump in particle velocity is the arrival of the shock front (tl). This is followed by the velocity plateau where some variations in particle velocity are evident. This may reflect differential motion of grains, material reorganization, or heterogeneous faulting and has been observed previously in velocity profile measurements on ceramics [Kipp and Grady, 1989] . Aluminum buffers were used to smooth out such irregularities. The arrival of the unloading waves produces a decrease in particle velocity starting at t3 which displays an S-shaped struc- Figure 5b . The first arrival is the elastic precursor (tl in Figure 2b ). The amplitude of this wave is a measure of the largest elastic stress that can be supported by the buffer under compressive loading. This is followed by the plastic shock front (t2) and the plateau region. where Us• is the sample shock velocity. The ultrasonically determined compressional wave velocity was used for the precursor velocity. Shock states in the buffer and sample were determined from impedance matching using the data of Table 4 (12) Here uyp is the impact velocity, up is the particle velocity, Us is the shock velocity, Vpo is the elastic precursor velocity, and the subscript zero refers to ambient pressure conditions. Numbers in parentheses are one standard deviation uncertainties in the last digit(s). (Table 5) 
where both stresses and pressures are taken to be positive in compression. The volumetric portion is described by the Mie-Grfineisen equation
P -PH+ V( E -EH,
where V is the volume, E is the energy, and the subscript H refers to the reference Hugoniot state. The
Grfineisen parameter is modeled assuming q=l (Table  5 )s P7 = p070.
The bulk sound velocity is given by 
where e is the engineering strain, t is time, and g is a relaxation function.
A simple description for solids is the elastic-perfectly plastic model. Such a material behaves elastically until its yield point, after which it deforms plastically, maintaining a constant offset of 2Y/3 from the hydrostat. Upon unloading, the material again behaves elastically until it reaches a state of stress of 2Y/3 below the hydrostat, after which it decompresses irreversibly to zero plastic model that have been successfully applied to metals. In particular, we included a Bauschinger effect and strain rate dependent stress relaxation. In the Bauschinger effect, the yield stress is reduced when the direction of plastic deformation is reversed. This behavior is a consequence of the micromechanics of deformation, such as dislocation interaction, slip bands, and twinning. Flow stress anisotropy is implemented into the wavecode using a multielement kinematical model [Herrmann, 1974] in which the equilibrium stress devi-
• is given by ator, ae,
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Strain rate dependence is also treated through the deviatoric stress. The stress deviator is obtained by relaxation from some instantaneous value to an equilibrium value, using the relaxation function in ( 
where tr is a characteristic material relaxation time.
Beginning with the elastic-perfectly plastic model, the wave profiles were fit iteratively by adjusting the pa- The dynamic response of MgO is strongly dependent on crystal state. Polycrystalline MgO is characterized by a low Hugoniot elastic limit, significant Hugoniot shear strength, work hardening, and fully elastic release. By comparison, single-crystal MgO has a large elastic limit, no strength along the Hugoniot, and quasi-elastic release [Grady, 1977] . However, it should be noted that wave profile data for the single crystal cover a lower stress range than the polycrystal data. Nevertheless, the differences seen here are similar of those observed in single-crystals.and polycrystals of A1203 and ZrO2 [Mashimo, 1993] . We have demonstrated that such differences are also characteristic of the behavior of relatively low-strength ceramics like MgO. From wave profile and equation of state data, we infer that for polycrystalline MgO, the yield strength at the HEL is 1-1.5 GPa, only ~0.5 the single-crystal value. The strength at the Hugoniot state is larger (2.8(7) GPa) and this strength is largely maintained upon release. For single-crystals, the large strength (2.5 GPa) at the HEL is reduced to near zero along the Hugoniot, but the strength is partially recovered during release (with a reduced shear modulus). Thus the shock-compression process is complex for both forms of this material and each exhibits its own time dependent strength behavior. While there are differences due to experimental configuration, the polycrystalline MgO wave profiles are generally consistent with the behavior of an elastic-plastic material. 
